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How cells acquire specific fates in conjunction with cell division is a major developmental question.
In a recent issue of Nature, Caro and colleagues describe the Arabidopsis protein GEM, which
interacts both with DNA-replication and transcriptional regulators (Caro et al., 2007). The results
are surprisingly reminiscent of the dual functions reported for Geminin in animals.The development of multicellular or-
ganisms depends on the generation
of cells in appropriate numbers and
timely acquisition of specialized cell
functions. Usually, specialization oc-
curs gradually over several rounds of
division, with the endpoint being a
nondividing differentiated cell. The
decision to divide or differentiate is
controlled in part by external signals,
such as positional cues, growth fac-
tors, mitogens, and morphogens.
However, the specific responses to
such signals depend on cell-intrinsic
information, which includes the pres-
ence of transcription factors and
chromatin modifications. How the
differentiation and proliferation pro-
cesses are coordinated is still poorly
understood. Signal transduction path-
ways can concurrently control expres-
sion of cell cycle and differentiation
genes, but is there also ‘‘crosstalk’’
through joint components of the cell
cycle and differentiation processes?
A recent report in Nature describes
the identification of a novel transcrip-
tional regulator of epidermal cell fate
in Arabidopsiswith a possible connec-
tion to the DNA replication process
(Caro et al., 2007).
This study uses the Arabidopsis
thaliana root epidermis as a model to
investigate the integrated control of
cell division and cell fate determina-
tion. The root contains a cell division
zone, the meristem, and an expan-
sion/differentiation zone (Dolan et al.,
1993; Guimil and Dunand, 2006).
Throughout these zones, the different
tissues are organized into well-
ordered and simple concentric layersthat include the epidermis (Figure 1A).
Along the proximal-distal axis, the epi-
dermis contains rows of progenitor
cells for root hairs (trichoblasts), alter-
nating with non-hair cell progenitors
(atrichoblasts). The trichoblast versus
atrichoblast fate is controlled by the
homeobox transcription factor GL2
(GLABRA2), which in turn is expressed
based on positional signals. Thus, epi-
dermal cells that connect to a single
cortical cell express GL2 and adopt
a non-hair fate, while epidermal cells
in contact with two cortical cells do
not express GL2 and produce root
hairs (Figure 1B). A transcription-
regulator complex that includes the
WD40-domain protein TTG binds to
the GL2 promoter and, in conjunction
with local histonemodifications, deter-
mines its transcriptional activity. What
has been unclear is how the pathways
of fate specification and chromatin
organization connect to each other
and to cell division control.
The current study started from the
observation that overexpression of
CDT1 leads to increased levels of
GL2 mRNA (Caro et al., 2007). CDT1
is a conserved DNA replication-licens-
ing factor, which needs to associate
with origin-recognition complexes be-
tween late M and G1 phase of the
subsequent cell cycle to allow initiation
of DNA synthesis (Arias and Walter,
2007). To prevent reinitiation, CDT1
needs to be inactivated during S phase
and G2, which in animals happens in
part through association with Geminin.
In a yeast two-hybrid screen, Arabi-
dopsis CDT1 was found to interact
with a protein named GEM (GL2-Developmental Ceexpression modulator, coincidently—or
not—also paraphrasing Geminin).
Reduced GEM function led to en-
hancedGL2 expression and increased
numbers of atrichoblast cells, while in-
creased expression of GEM caused
the opposite phenotype (Figure 1B).
The specification of trichoblasts in
leaves, known as trichomes, was also
found to depend on GEM function.
Furthermore, epidermal cells in gem-1
mutant roots showed additional
longitudinal (anticlinal) divisions that
generate extra epidermal files or cell
clones. Thus, GEM seems to affect
the regulation of epidermal fate as
well as cell division potential.
To identify how GEM influences cell
fate and division, a yeast two-hybrid
screen was performed with compo-
nents of the GL2 transcription-regula-
tory complex. Interestingly, this screen
identified TTG as a specific binding
partner for GEM. In addition, TTG
interfered with the CDT1-GEM inter-
action, which suggests that TTG and
CDT1 can compete for GEM binding
in the epidermis. Based on chroma-
tin-immunoprecipitation (ChIP) experi-
ments, GEM associates with the pro-
moter of GL2 as well as with the
promoter of CAPRICE (CPC), which is
also controlled by the TTG complex.
Analysis of the GL2 and CPC pro-
moters in gem-1 mutants showed
increased presence of activating chro-
matin marks (H3K9acK14ac as well
as H3K9me3, a hallmark of active eu-
chromatin in plants), just upstream of
the open reading frame of GL2 and
CPC. It was previously shown that
the chromatin around the GL2 locusll 12, June 2007 ª2007 Elsevier Inc. 841
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GEM Overexpressing Plants
(A) Transverse section of a wild-type root expressing a reporter (GUS, visible in blue) under the
control of the GL2 promoter. C: cortical cells, T: trichoblast (hair-forming cell), and A: atrichoblast
(non-hair cell). GL2 expression specifies the atrichoblast fate.
(B) Cartoon illustrating a section of a wild-type root (top): epidermal cells in contact with a single
cortical cell (c) express GL2 and are specified as atrichoblast (A, blue), while cells in contact
with two cortical cells differentiate into trichoblasts (T). In gem-1 mutants (bottom, left) GL2 is
ectopically expressed and epidermal cells in contact with two cortical cells can adopt the ‘‘A’’
fate. Overexpression of GEM (GEMOE) results in repression of GL2 and ectopic ‘‘T’’ fates occur.
Adapted with permission from Macmillan Publishers, Ltd: Nature, advance online publication
copyright, doi:10.1038/nature05763. We thank H. Hassan and B. Scheres for providing the trans-
verse root section shown in A.is reorganized each cell cycle, which
determines whether GL2 can be tran-
scribed in daughter cells (Costa and
Shaw, 2006). Accordingly, gem-1 mu-
tants show the open conformation
and enhanced GL2 levels normally
found in G0/G1 cells, while GEM
overexpressing cells resemble the
repressed state in G2/M cells.
In summary, GEM shows mutually
exclusive interactions with CDT1 and
TTG, negatively regulates expression
ofGL2, associates with TTG-regulated
promoters, and affects the local chro-
matin status at these promoters. Dou-
ble mutants of gem-1 and ttg1-1 show
the ttg1-1 phenotype, which supports
that GEM acts upstream and opposite
to TTG. While GEM likely associates
through TTG to GL2/CPC promoters,
its molecular activity is currently un-
clear. It may prevent the recruitment
of factors that promote open chroma-
tin to these promoters and/or may
itself recruit histone modification/842 Developmental Cell 12, June 2007 ªchromatin remodeling proteins that
support an inactive chromatin state.
It is also not known to what extent
GEM functions specifically in the TTG
pathway. GEM is ubiquitously ex-
pressed and interacts with the general
replication-licensing component CDT1.
As such, GEM might be expected to
have roles in cell division, cell fate,
and in particular DNA replication in
other plant tissues.
Similar to GEM, metazoan Geminin
shows competitive interactions with
CDT1 and transcriptional regulators.
The combined data support that
GEM shares more than a three-letter
acronymwith Geminin, but how similar
are these proteins? They do not share
significant amino-acid similarity and
the coiled-coil domain of metazoan
Geminins is absent in plant GEM.
Geminin is a target of the anaphase
promoting complex (APC), accumu-
lates specifically during S, G2, and M
phase and inhibits DNA replication by2007 Elsevier Inc.blocking incorporation of the mini-
chromosome maintenance (MCM)
proteins into the prereplication com-
plex (McGarry and Kirschner, 1998).
As yet, such data are not available for
Arabidopsis GEM. Geminin is also in-
volved in neural fate determination
and has been reported to interact
with Homeobox containing factors,
Polycomb Group proteins, and the
SWI/SNF subunit Brg1 (Del Bene
et al., 2004; Kroll et al., 1998; Luo
et al., 2004; Seo and Kroll, 2006).
Thus, although multiple independent
functions cannot be excluded, both
GEM and Geminin have the potential
to regulate proliferation-differentiation
decisions by integrating cell cycle
and transcriptional controls. Whether
or not a true Geminin homolog, it is
clear that Caro and colleagues have
discovered a real gem.
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